Techniques of antigenic analysis were used to examine the synthesis of the exosporium during sporulation of Bacillus cereus. An antiserum to a soluble extract of exosporium from mature spores was used to analyse extracts of cells from various stages of the Bacillus life cycle by the technique of one-dimensional immunoelectrophoresis. Exosporium antigens were absent from vegetative cell extracts and were first detected in extracts of cells at stage 111 of sporulation, where they appeared simultaneously in the soluble and particulate cellular fractions. The results indicate that the exosporium contains antigens which are spore specific.
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I N T R O D U C T I O N
The exosporium is the outermost integument of certain bacterial endospores. That of Bacillus cereus is a large balloon-like structure which is not attached to the rest of the spore. Although the exosporium is the most prominent structure surrounding the B. cereus spore, it has not been as extensively characterized as the other integument structures. Matz e f al. (1970) reported that isolated exosporium from B. cereus T is composed primarily of protein with carbohydrate and lipid also present. High resolution electron microscopy has shown that the exosporium consists of a paracrystalline basal layer and a hair-like outer layer (Gerhardt & Ribi, 1964; Lund et af., 1978) .
Compared with other integument structures, little is known about the synthesis of the exosporium. While there are several studies which detail the synthesis of the spore coat proteins (Aronson & Horn, 1969; Nakayama et al., 1978; Uchida et al., 1976) , investigation of exosporium synthesis has been restricted to electron microscopy. It has been shown, using immunocytochemical methods, that exosporium antigens are localized within the mother cell compartment during sporulation and are not found in cells before septation (Short & Walker, 1975; Short et al., 1977) . Ohye & Murrell(1973) have shown that exosporium development begins during stage IV of sporulation at one pole of the forespore. Further exosporium material is added to this initial locus until the structure is completed.
The aim of the present study was to examine the synthesis of the exosporium during sporulation in B. cereus. We removed, isolated and solubilized the exosporium and made an antiserum to its soluble extract. The antiserum was used in one-dimensional immunoelectrophoresis to probe extracts of cells from various stages of the sporulation cycle for the presence of cross-reacting material. The results indicate that exosporium antigens are specific to sporulating cells and first appear at stage I11 of sporulation.
M E T H O D S
Bacterium and media. Bucillus cereus 9373 was grown in G medium under conditions previously -described Gerhardt & Ribi (1964) . In a typical experiment, washed spores from 10 litres of culture were resuspended in 100 ml distilled water and subjected to hydrostatic pressure treatment in a French pressure cell (American Instruments, Silver Spring, Md., USA)operated at 32000 Ibf in-(221 MPa). Exosporium fragments were separated from the spores by differential centrifugation at 4500 g. The supernatant fluid was saved, and the pellet was resuspended in 100 ml distilled water and subjected to a second pressure cell treatment. After a second differential centrifugation, the supernatant fluids were pooled and a final centrifugation was done at 3500 g. The resulting supernatant fraction, enriched with exosporium fragments, was concentrated to approximately 10 ml inan Amicon filtration apparatus (Amicon, Lexington, Mass., USA) using a PM-10 filter. To remove contaminating spores further, the sample was subjected to equilibrium density centrifugation on six 1 1 ml, preformed, 45-70% (w/v) renografin-76 (Squibb) gradients at 68000g at 4 "C for 3 h. After centrifugation, two bands were observed, one enriched with spores and the other with exosporium fragments. The gradients were fractionated from the bottom, and the fractions containing exosporium were pooled and dialysed against distilled water at 4 "C. After dialysis and another banding in renografin, the exosporium fragments were sedimented at 36000g at 4 "C for 1 h. The resulting pellet was translucent, and upon resuspension in 5 ml distilled water contained approximately one spore per five fields of view at 800x magnification under the phase contrast microscope.
Exosporium solubiiization. The exosporium was solubilized in 0.05 M-dithioerythritol (DTE) and 1 % (w/v) SDS at pH 10.3. This mixture has been used previously to solubilize the spore coat of B . cereus T (Aronson & FitzJames, 1968) . Isolated exosporium fragments were resuspended in alkaline DTEjSDS and incubated on a shaker at 37 "C for 90 min. The mixture was centrifuged at 36000 g at 20 "C for 1 h and the supernatant dialysed against distilled water at room temperature for 20 h. Approximately 900 pg extracted exosporium protein (80% of the total) per litre of original culture was obtained by this method. Extracts were stored at -20 "C.
Preparation of antiserum. Exosporium antiserum was prepared by methods described previously (DesRosier & Lara, 1981) . Rabbits were immunized with a soluble exosporium extract containing 100 pg protein per injection. The immunoglobulin G fraction of the serum was obtained by standard methods (Harboe & Ingild, 1973 ) and stored at -20 "C.
Preparation of vegetative and sporulating cell extracts. Cultures of B. cereus were synchronized for sporulation using the serial transfer technique of Church & Halvorson (1957). Cells were inoculated into 50 ml G medium in a 250 ml Erlenmeyer flask and grown with vigorous aeration at 30.5 "C on a rotary shaker. When the culture reached an approximate OD,,, of 0.8, 1 .O ml was transferred into 50 ml prewarmed G medium in a 250 ml flask. Two more identical transfers were done at the same intervals. A fourth transfer of 6 ml into 300 ml in a 2 litre flask was again allowed to grow to an ODbo0 of 0.8 at which time the entire culture was poured aseptically into a 12 litre New Brunswick microferm at 30.5 "C. The culture was agitated at 150 r.p.m. and aerated at a rate of 6 litres min-I. Samples of 400 to 600 ml were removed during vegetative growth and at 45 to 60 min intervals during sporulation. After removal of 70 ml of each sample for electron microscopy, the remaining cell sample was pelleted, washed in 0.2 M-potassium phosphate buffer, pH 7-4, and stored at -20 "C.
The frozen pellets were thawed as needed and resuspended in 3 to 5 ml T buffer (20 mM-Tris/HCl, 10 mMMgC12, 10 mM-CaC1,) containing the protease inhibitors phenylmethylsulphonyl fluoride and o-phenanthroline at a concentration of 1 mM. Cell breakage, accomplished by two passages through a French pressure cell at 28 000 lbf in-was estimated to be greater than 95% under the phase contrast microscope. DNAase I was added to the lysate to give a final concentration of 1 mg ml-and the mixture was incubated at 25 "C for 5 min. Particulate matter was removed by centrifugation at 36000g at 4 "C for 60 min. The supernatant, designated as the soluble cell fraction, was carefully removed and stored at -4 "C. The pellet was resuspended in 1.0 to 2.5 ml of DTE/SDS, pH 10.3, and incubated at 37 "C for 90 min on a shaker. Insoluble material was spun down at 36000g and the supernatant was carefully removed. The extract was dialysed at room temperature against T buffer for 24 h and stored at -4 "C. The extract was designated as being from the particulate cell fraction.
Protein determinations. Protein was estimated by the Lowry method, with bovine serum albumin as standard.
Immunoeiectrophoresis. This was done according to the general method of Weeke (1973~) using glass microscope slides for support. Washed slides were coated with a thin layer of 2% agarose (aqueous, Seakem ME, FMC Corp., Rockland, ME, USA) 'glue', dried at 60 "C and stored for later use. Immediately before electrophoresis, slides were covered with 0.5% agarose (in barbital buffer, pH 8-6, 0.01 ionic strength) at 55 "C containing 0.5% (v/v) Triton X-100 and 0.05% (w/v) sodium deoxycholate. To every 625 mmz of slide area was added 1.0 ml of this agarose solution to give a gel approximately 1.6 mm deep. The antibody-containing portion of the gel was made by cutting out the middle section of agarose and replacing it with an agarose/antiserum mixture at 55 "C. Antigen wells of 10 p1 were cut with a 3 mm inner diameter hollow metal tube. The electrophoresis running buffer was barbital buffer at pH 8.6 and 0.02 ionic strength. Five sheets of Whatman no. 1 filter paper cut to the exact width of the slide were used as wicks.
One-dimensional or rocket immunoelectrophoresis was done on 50 x 75 mm glass slides with one-half of the slide area containing antiserum (Weeke, 1973b) . Electrophoresis was done at 4 V cm-I for 3 h. Two-dimensional or crossed immunoelectrophoresis was done on 37 x 75 mm slides. A single antigen well was cut in the bottom left- hand corner of the agarose gel and electrophoresis was done in the first dimension at 4 V cm-' for 90 min. The upper two-thirds of the gel was subsequently removed and replaced with agarose-containing antiserum.
Electrophoresis was done in a direction at right angles to that of the first dimension at 2 V cm-' for 8 h (Weeke,
c).
All immunoelectrophoresis experiments were repeated several times; the data shown are representative.
R E S U L T S
The exosporium antiserum was characterized for reactivity against a DTEISDS extract of the exosporium by crossed immunoelectrophoresis (Fig. 1) . Several different precipitin peaks were present, indicating that the antiserum contained antibodies to a variety of different exosporium antigens. The presence of horizontal precipitin lines suggested that aggregation may have occurred in the exosporium extract. Aggregation may have arisen as it was necessary to remove the solubilizing agents (DTE and SDS) before electrophoresis to facilitate antigen-antibody interaction. Pre-immune serum was found to be non-reactive with the exosporium extract.
The antiserum was subsequently used to examine cell extracts from a synchronized culture of B , cereus for the presence of cross-reacting material. Ten samples were taken which encompassed both exponential phase cells and cells at representative stages of sporulation. The first two samples were at mid and late exponential phases of growth, respectively. Examination of thin sections showed that cells in the fifth sample were at stage 111 (forespore engulfment), and those in sample ten were at stage VI (maturation). Synchrony was estimated by electron microscopy to be approximately 90 %.
The cell extracts were tested for cross-reaction with the exosporium antiserum by rocket immunoelectrophoresis. Each series of ten soluble and particulate cell extracts was run on a single slide and a DTE/SDS extract of isolated exosporium was included as a reference. In both the soluble (Fig. 2 0 ) and the particulate (Fig. 2b) extracts immunoprecipitates first appeared at stage 111. In the soluble extract, the precipitate formed close to the antigen well, while in the particulate extract the precipitate formed further into the gel. In the particulate extract series, immunoprecipitates increased in size and the precipitation pattern became more complex with later samples. In the soluble extract series, the immunoprecipitate complexity again increased as sporulation proceeded. The precipitation pattern from both the soluble and particulate fractions of the tenth sample was qualitatively similar to that of the exosporium reference.
These results indicate that exosporium antigens are absent from vegetative cells and first appear during the engulfment stage of sporulation. This conclusion, however, is dependent upon the sensitivity of the antiserum, which was also tested by rocket immunoelectrophoresis. Serial dilutions of a DTE/SDS exosporium extract were tested for their ability to form immunoprecipitates with the serum. As little as 6 ng protein was detectable as a precipitate (data not shown) whereas no precipitates were formed when either exosporium protein or antiserum alone were subjected to electrophoresis. From these limits of detectability it appeared that the number of molecules of a particular antigen of molecular weight 50000 that must be present in an individual cell to be detected by immunoelectrophoresis is 35 to 170. The range was representative of the sample assayed and applied whether the extract was from the soluble or particulate fraction of the cell.
DISCUSSION
The exosporium from the spores of B. cereus is biochemically complex (Matz et al., 1970) . In the present study, the several immunoprecipitation peaks seen when soluble extracts of the exosporium were run against an exosporium antiserum in crossed and rocket immunoelectrophoresis indicate that many different antigenic species are components of this structure. This would agree with the data of Beaman et a!. (1971) , who resolved a variety of different polypeptides from the exosporium of B. cereus T on polyacrylamide gels. When extracts from sporulating cells were probed for exosporium antigens by rocket immunoelectrophoresis, the patterns of immunoprecipitation became increasingly complex as sporulation proceeded. This suggests that different antigens contained within the exosporium accumulate at different rates. Because the exosporium is found on spores but not on vegetative or sporulating cells, it may be expected that its constituent macromolecules would be synthesized only during the process of sporulation. The immunoelectrophoretic data from the present study indicate that exosporium antigens are indeed restricted to sporulating cells. These antigens first appeared during stage I11 and may consequently be considered spore specific. The appearance of exosporium antigens at the time of forespore engulfment indicates that exosporium synthesis is an 'early' sporulation event. These results agree with those of Short & Walker (1975) and Short et a/. (1977) , who used antisera against whole spores and isolated exosporia to localize exosporium antigens immunocytochemically in thin sections of B. cereus. By this method no exosporium antigens were detected in vegetative cells or in cells before the septation stage of sporulation, whereas they were found in cells undergoing engulfment and in stages thereafter. Our data also agree with the observations of Scherrer & Sommerville (1977) , who have suggested that the B. thuringiensis exosporium is synthesized during stages I1 and 111. Similarly, the start of synthesis of other integument-related proteins during stages I1 and 111 has been reported, e.g. those which comprise the spore coat of B . cereus T (Aronson & Horn, 1969) and Clostridiurn perfringens (Labbe & Duncan, 1977) and the parasporal crystal of B . thuringiensis (Aronson & Fitz-James, 1976; Somerville, 197 1) .
Correlation of exosporium synthesis with forespore engulfment seems fitting in that it is during the stage immediately following that the beginnings of exosporium deposition can be detected cytologically (Ohye & Murrell, 1973) . Thus, the simultaneous appearance of crossreacting material in both the soluble and particulate fractions of the cell could indicate that exosporium antigens begin to assemble soon after they have been synthesized. However, exosporium antigens might also appear in the particulate fraction without having assembled if, as Ohye & Murrell(l973) have suggested, exosporium synthesis is intimately associated with the forespore membranes.
